The sharp change in nitrate (N) deposition fluxes due to anthropogenic influences has major consequences for terrestrial plant productivity. Early detection of plants under nitrate stress is important for forest management in the subtropical region. This study used leaf-scale hyperspectral reflectance measurements to detect the seedling growth response of Schima superba (S. superba) under simulated N deposition during a period of two years. Two-year-old S. superba seedlings were planted under natural field conditions and treated with four N treatments at CK, LN-6, MN-10, and HN-24g N m -2 year -1 . The chlorophyll content and leaf reflectance were examined to detect the N addition temporal effects. Results indicated that S. superba responded significantly with differences in chlorophyll content and leaf reflectance to N additional treatment. Compared with the N deficiency (CK) plots, plots with higher N addition rate (HN) reduced the chlorophyll concentration of S. superba seedlings. However, the long-term observed impact of LN and MN treatments increased the S. superba chlorophyll during the two years. Nitrogen additional treatments can be distinguished using the hyperspectral indices (R 700 /R 720 , R 695 /R 420 , and R 695 /R 760 ) retrieved from the differences in leaf reflectance at the green spectrum and the red spectrum. The derivative shift to longer wavelength peaks with increasing N supply, accompanied by the increase in chlorophyll content. Leaf reflectance at 559 nm was negatively correlated with leaf chlorophyll content (R = -0.77). The identified N specific spectral ratios may be used for image interpretation and plant N status diagnosis for site-specific N management.
INTRODUCTION
The increase in atmospheric nitrogen oxides (NOx) due to human activities such as fossil fuel use, increasing number of vehicles, fertilization and biomass burning (Richter et al. 2005 ) has contributed to the perturbation of terrestrial and marine ecosystems, most agricultural and managed-forestry ecosystems (Vitousek et al. 1997; Galloway and Cowling 2002; Bates and Peters 2007) . The sharp change in nitrate deposition fluxes due to anthropogenic influences has major consequences for terrestrial and marine productivity and carbon cycling (Galloway et al. 1994; Moffat 1998; van Breemen 2002; Fang and Mu 2007) . Forest ecosystems have been shown to vary in their responses to increased N deposition. It could increase primary productivity, biomass accumulation substantially and the fund of soil organic carbon by nitrogen deposition, at least in the short-term in the ecosystems with less nutrition (Vitousek and Howarth 1991) . However, it also generally reduces the biological diversity of affected ecosystems with nitrogen saturation and changes the rates and pathways of N cycling and loss in forest ecosystems (Nixon 1995) . Results from N addition experiments at the Harvard Forest showed that long-term N addition decreased net primary production and increased tree mortality (Magill et al. 2004) . In a seedling experiment on two temperate conifer tree species, Nakaji et al. (2001 Nakaji et al. ( , 2002 found that net photosynthetic rate and biomass production of C. japonica seedlings were increased by N addition, while those of P. densiflora seedlings were significantly reduced by the highest N addition. In China most studies on the consequences of enhanced N deposition were performed on representative broadleaf tree species in the tropical forests of southern China. Results from N addition experiments in mature forest ecosystems in the Dinghushan Biosphere Reserve (DHSBR) showed that long-term high N addition exhibited the negative response to N additions in litter decomposition (Mo et al. 2006 ). This negative response became stronger with experimental time (Fang and Mu 2007) . In addition, their studies in the DHSBR also indicated that tropical tree species seedling growth response to atmospheric N deposition may vary depending on rate of N deposition and species-N-requirement (Mo et al. 2008 ). However, little information is available about the mid-subtropical forest ecosystem response to the supply of biologically available nitrogen, rapidly increased by industry and agriculture (Mo et al. 2008) and dramatically increased atmospheric N deposition (Cheng et al. 2013) .
Researchers have tried to assess the ecophysiological status of subtropical trees over their growing season to reveal the tree response to N addition vegetation photosynthesis (Mo et al. 2008) , soil respiration (Mo et al. 2007 ) and vegetation growth parameters (Lu et al. 2010 (Lu et al. , 2011 . However, these methods based on the site experiments provide little insight into spatial variability such as regional or large scale forest ecosystems. Determining the spatial distribution is the first step towards localized management practices intended to reveal the effect of increased N for subtropical trees. Hyperspectral reflectance, a technique used in remote sensing, has potential for detecting the ecophysiological spatial distribution status of trees in the field (Strachan et al. 2002) . Hyperspectral reflectance involves the measurement of vegetation reflectance spectra in narrow wavebands (2 nm) which allows the isolation of reflectance at wavelengths corresponding to individual plant pigments or structural features (Pattey et al. 2001) . Carter (1993) reported that there is a significant difference between the reflectance of stressed and non-stressed leaves and generally occurred in the 535 -640 and 685 -700 nm ranges by 8 stress agents among 6 plant species (Carter 1993) . A number of indices have been developed to exploit the narrow waveband properties of hyperspectral reflectance spectra. The red edge describes the maximum slope position of reflectance and defines the transition between the red and near infrared spectrum portions (Horler et al. 1983) . Reflectance in the red portion is low because of chlorophyll absorption and is high in the near-infrared reflectance (NIR) because of leaf scattering. Thus, the red edge combines two mechanisms by which plant stress due to the variations in chlorophyll content associated with nutrient levels may be indicated. Stress has been shown to cause a shift in the red edge position to shorter wavelengths (Hoque and Hutzler 1992) . Several studies have shown that the derivative analysis of the red edge reflectance was actually composed of two or more peak features. The first at around 700 nm was attributed to the chlorophyll content in the plant leaves and the second at around 725 nm was attributed to cellular scattering in the leaf (Horler et al. 1983 ). Hansen and Schjoerring (2003) also indicated that a nitrogen supply to winter wheat caused on average lower reflectance in the visible spectral range (438 -690 nm), while the reflectance was higher in the near infrared spectral range (750 -883 nm).
The increase in population has increased the number of vehicles and energy consumption in the Yangtze River Delta, located in the biggest subtropical forest ecosystem. N deposition has increased dramatically and has had an effect on the subtropical forest. In Asia the use and emission of reactive N has increased from 14 Tg N year -1 in 1961 to 68 Tg N year -1 in 2000 and is expected to reach 105 Tg N year -1 in 2030 (Zheng et al. 2002) . This has led to high atmospheric N deposition with 7.12 kg N ha -1 year -1 in 1995, 32.01 kg N ha -1 year -1 in 2002 (Deng et al. 2007 ) and 30.9 kg N ha -1 year -1 in 2005 (Xie et al. 2008) in the Hangzhou region of China. The objective of this paper is to detect the nitrogen application rate effects (promotion or stress) on subtropical forest trees [Schima superba (S. superba)] using hyperspectral reflectance analysis and indices available in the literature. These results will serve as exploration work in support of subsequent forest management work in conjunction with aircraftbased hyperspectral measurements at this field site.
MATERIALS AND METHODS

Site Description and Experimental Material
The experiment was conducted on a 100 m 2 experimental field located at the Zhejiang A & F University (ZAFU) near Hangzhou city, China (119°52'E, 30°23'N) in 2008. The field study area was on the main experimental land of ZAFU and surrounded by other experimental greenhouses and the entire area was flat. The field is characterized by a humid subtropical climate with an average rainfall of 135 cm yr -1 (104 -166 cm) and an average temperature of 17.58°C (-6° -40°C) (Gu et al. 2009 ). The soil is the typical red soil of Zhejiang Province and the properties of the top 10 cm of the soil were measured using samples collected in April 2008 before the selected tree seedlings were planted as shown in Table 1 .
S. superba, which is distributed over large areas of southern China, is used for firewood, heliophilous and the dominant species in the subtropical forest ecosystems of the Yangtze Delta region (Lin and Zhou 2009) . Mo et al. (2008) pointed out that the S. superba grows in relatively nutrient-poor soils. With an increasing concentration about the N deposition effects on subtropical forest trees in Yangtze River Delta, it is necessary to examine the N addition effects on seedling growth and physiological research on S. superba.
Experimental Design
The experiment was conducted on a 6 × 24 m field and arranged with a completely randomized design with four N treatments after consulting research by Mo et al. (2008) . There were five replicates for each treatment. Twenty plots of dimensions 1.6 × 1.6 m were established and each plot was surrounded by a 0.5 m wide buffer strip. In April, 2008, 2-year-old seedlings of S. superba were transplanted into the experimental field. Nine seedlings of S. superba were separately planted in each plot with a spacing of 0.5 × 0.5 m.
Precipitation nitrogen deposition was 7.12 kg N ha -1 year . All plots and treatments were laid out randomly. NH 4 NO 3 nitrogen fertilizer was applied in equal amounts once a week from April, 2009. The fertilizers were dissolved in 17.035 L of water (the annual amount of water was equivalent to 8.7 mm precipitation) and sprayed on five plots using a backpack sprayer. The Control (CK) plots were sprayed with the same water volume without added N.
Plant Growth, Net Photosynthetic Rate, Chlorophyll Concentration and Spectral Reflectance Measurements
Height and stem base diameters of 5 randomly selected seedlings from each plot were measured in May, August and November during 2009 -2010.
The net photosynthetic rate (Pn, μmol CO 2 m -2 s -2 ) was measured with a Li-6400 portable photosynthesis system (Li-Cor Inc., USA) in May, August and November during 2009 -2010. Every 1 h, from 6:00 to 17:00, five leaves from seedlings per plot from each treatment were chosen for measurement.
Plant leaf chlorophyll content measurements were obtained using a portable chlorophyll meter (SPAD-502, Minolta, Japan) from each plot of the in situ N treatments with the same times for spectral measurements. For measurement accuracy 10 readings were taken from every leaf sample and then averaged into one SPAD value.
Hyperspectral data were obtained using a FieldSpec FR spectroradiometer manufactured by Analytical Spectral Devices Inc. (ASD). The spectral resolution of this instrument is 3 nm for the 350 -1000 nm range and 10 nm for the 1000 -2500 nm range. Reflectance measurements were obtained six times during three seasons (spring, summer, and autumn) between 2009 and 2010. At each level of N treatment for every plot, 30 samples of S. superba seedlings leaves were selected to obtain the spectral reflectance in situ. Spectral reflectance was calculated as the ratio of measured radiance to radiance from a white standard (Analytical Spectral Devices Inc., ASD) taken under the same sky conditions and immediately preceding the plant radiance measurements.
Hyperspectral Indices
The red edge variables were derived from the first derivative of the reflectance. The first derivative is commonly used to enhance absorption features that might be masked by interfering background absorptions and canopy background effects (Mutanga and Skidmore 2007) . The first derivative spectra were calculated from each reflectance spectrum. A first difference transformation of the reflectance spectrum calculates the slope values from the reflectance and can be derived from the following equation (Mutanga and Skidmore 2007) :
Where FDS is the first derivative reflectance at a wavelength i that is a midpoint between wavebands j and j + 1. R λ(j) is the reflectance at the j waveband, R λ(j + 1) is the reflectance at the j + 1 waveband and Δ λ is the difference in wavelengths between j and j + 1. The variables derived from the first derivative reflectance contained the red edge position and amplitude. Amplitude is the first derivatives value at the red edge peaks composed of two or more features.
Some leaf reflectance ratios measured within narrow wavebands (2 nm) were also evaluated as indicators of plant stress and the most strongly indicated plant stress was reflectance at 695 nm divided by reflectance at 420 nm (R 695/420 ) and 760 nm (R 695/760 ) (Carter 1994) .
Data Analyses
One-way analysis of variance (ANOVA) was used to test the differences for S. superba seedlings on seedling height, stem base diameter, net photosynthetic rate and chlorophyll concentration, respectively. A multiple comparison with Duncan's test was made after ANOVA for the differences in plant growth parameters of S. superba. Relationship between chlorophyll content values and hyperspectral indices were examined with linear regression analysis. All analyses were conducted using SPSS 13.0 for windows.
RESULTS
Seedling Growth, Net Photosynthetic Rate and Chlorophyll Concentration
Compared to CK plots, values for both seedling height and stem base diameter to N addition generally showed a positive low rate effect from N addition and no significant high rate effect from N addition for S. superba (Figs. 1a, b) .
The highest values were observed in the MN plots and lowest values appeared in the CK and HN plots. An increase in both seedling height and stem base diameter was found in the LN plots for S. superba. However, the increasing trend was lower than MN plots. These patterns above became more pronounced with time, indicating the cumulative effect of N addition. Repeated-measure ANOVA showed significant statistical significant difference in both seedling height and stem base diameter for S. superba over the entire study period (p < 0.05, Fig. 1 ).
Similar to the seedling height and stem base diameter response, the net photosynthetic rate (Pn) increased from lower rate N addition and decreased from higher rate N addition for S. superba, with the highest values observed in the MN plots and the lowest Pn was also found in CK plots (Fig. 1c) .
The SPAD reading responses to N treatment are shown in Fig. 2 . It indicates that the chlorophyll in S. superba seedlings in a given sampling, according to SPAD measurements, were different depending on the different levels of N treatment. SPAD readings indicated that the seedlings in the MN application rate had higher chlorophyll content than their counterparts in the CK, LN and HN application rate plots. A clearly similar chlorophyll content pattern in the LN plot appeared after the MN group. In the first year of N addition (2009), the HN plot showed a higher chlorophyll content throughout the year compared with the control plot. However, this pattern changed in the next year (2010) and thereafter, the HN plot had the lowest chlorophyll content compared with the other applications. Our study also shows that the chlorophyll content in S. superba seedlings increased in the short-term with N addition and decreased in the longterm with HN addition (Fig. 2) . In our study the chlorophyll content in S. superba plants in all treatments increased during the two year growth cycles, especially the LN and MN treatments. However, regarding the different seasons, the chlorophyll content in S. superba plants decreased at the end of their growth cycle (autumn) compared to the beginning of their growth cycle (spring and summer).
Plant Spectral and Hyperspectral Indices
The reflectance spectra of individual leaves were significantly different among the four N treatments through most of the wavelengths measured (Fig. 3) in different seasons during the two years. The most pronounced change in leaf reflectance spectra due to N addition was in the visible bands at the chlorophyll absorbance peak near the red wavelengths. Reflectance decreased in the red with increasing N application in the spring and autumn over the two years. This trend was inversed in summer. Compared to different N application plots, the reflectance at the visible wavelengths was lower in LN (except autumn of 2009) and MN plots compared to CK in two years. The reflectance at the visible bands was lower in the HN plots than the CK plots in the early stages of the spring and summer of 2009. However, it was higher in the spring and summer of 2010. The HN application reflectance at the visible bands was lower than CK in the autumn of both years. Note that the reflectance in the red for the CK and LN plots present a similar trend throughout the autumn season in response to the induced lower chlorophyll content caused by less N availability in the leaves of plants within the no N or lower N application rates. Compared to the CK plots, the significant differences in the green and red spectrum of LN -CK and MN -CK were indicated the variations in chlorophyll content, which are associated with nutrient levels caused by different levels of available nitrate. However, it also generally reduces the chlorophyll content with overabundant nitrate applied and shows unobvious differences in reflectance in the visible spectrum at the chlorophyll absorbed between CK and HN plots.
The red edge peak showed a shift to longer wavelengths with two or more peaks appearing in the first derivative curve throughout the S. superba plants growth cycle (Fig. 4) . Plants in MN and HN treatment, whose chlorophyll content was increasing at the initial stages of the growth cycle (2009), showed a maximal shift to longer wavelengths (shift from 705 to 713 nm relative to the control) and a large increase in red edge amplitude (Fig. 4 and Table 2 ). At the later stages of the growth cycle (2010), plants in LN and MN treatment showed a maximal shift to longer wavelengths (shift from 705 to 713 nm relative to the control) (Fig. 4 and Table 2 ).
At the beginning of the growth cycle a red edge peak presents at around 700 nm. This peak became the main peak in the CK treatments over the two years while the peak moved to around 720 nm and became dominant in the LN and MN treatments in the 2010 growth cycle (Fig. 4 and Table 2 ).
The red-edge peaks in the derivative spectra were composed of a peak maximum at around 700 nm and a smaller peak or shoulder between 715 and 725 nm (Fig. 4) . These features were used to detect differences between the control and N-stressed plants. A ratio of the magnitudes of the derivative at 720 and 700 nm (R 700 /R 720 , Table 2 ) was calculated to determine if changes in these wavelengths could be used to monitor the N addition effect on S. superba.
It was observed that in the early stage (2009) of N treatment the ratio of R 700 /R 720 decreased along with the increasing supply of N, while in the later stage (2010) the ratio of R 700 /R 720 was lower in the LN and MN plots than in the control and HN plants.
Carter reported that the ratios of R 695 /R 420 and R 695 /R 760 computed within the visible to near-infrared spectrum were affected most strongly by plant stress (Carter 1994 ). There were higher values of these two ratios in the stressed plants compared with the value in non-stressed plants for various stress agents that did not include N stress.
These two ratios (R 695 /R 420 and R 695 /R 760 ) had a similar characteristic in that the lower value appeared in the MN and HN treatments in the early stage (2009) Absorption by chlorophylls a and b was relatively weak at 695 nm. Thus as the leaf chlorophyll content began to decrease with the occurrence of stress, leaf reflectance increased first and then most significantly at or near this wavelength. At 420 nm, absorption by chlorophylls or other pigments was strong and chlorophylls were lost before reflectance would increase significantly at or near this wavelength. Thus, the ratio of R 695 /R 420 may ultimately prove to be an indicator of chlorophyll content in S. superba to N addition treatments. The near-infrared (760 nm) reflectance indicated low sensitivity to stress. This result indicated that reflectance in the near-infrared (760 -800 nm) wavelengths could be divided into reflectance at 695 nm to produce a stress-sensitive ratio (Carter 1994) . Our result indicated that the ratios containing R 695 /R 420 and R 695 /R 760 , such as the stress indices, could be used to reveal the N stress response in S. superba in the Yangtze River Delta.
Relationships Between Leaf Reflectance and Leaf Chlorophyll
SPAD readings, which reflected the leaf chlorophyll content in S. superba seedlings by extension, were found Fig. 3 . Average reflectance spectrum of S. superba under the four experimental treatments (CK, LN, MN and HN) in different seasons over two years. Fig. 4 . The first derivative spectrum curves of red-edge reflectance for S. superba plants under four different treatments and along the growth cycle, respectively. The numbers were the red edge peak wavelength (RE) derived in IG model for S. superba plants. to be at best negatively correlated with green reflectance at 559 and 717 nm which indicated the red edge of S. superba leaf reflectance (Fig. 5a) . The positive correlation then appeared at blue (450 nm) and red (680 nm) reflectance. Similarly, some researchers also found that reflectance at 545 -555 nm (Jacquemoud and Baret 1990; Daughtry et al. 2000; Zhao et al. 2003) , 620 -680 nm (Reddy et al. 2001) and 712 nm (Carter and Spiering 2002; Zhao et al. 2003) were good predictors of chlorophyll in several crops. We found a significant correlation between chlorophyll SPAD readings and reflectance at 559 nm across all N application rate areas as shown in Fig. 5b (R = -0.77). These findings would make the remote leaf chlorophyll content estimation of S. superba trees at the field scale by aircraft possible, although multiple years of data are necessary to strengthen these relationships. In order to determine the relationship between leaf spectral reflectance ratios and leaf chlorophyll concentration, leaf reflectance ratio data (RE, R 700 /R 720 , R 695 /R 420 , and R 695 /R 760 ) in Table 2 and Fig. 4 , as well as the chlorophyll SPAD readings in Fig. 2 , were averaged across replicate leaves and then pooled across the N treatments and sampling dates (n = 24). Simple correlation analysis and linear regression indicated that although the leaf reflectance indices were negatively (positively for RE index) and significantly correlated with leaf chlorophyll (p ≤ 0.05), the correlations were strongest in the four indices shown in Fig. 6 (R = 0.74 -0.86). The results indicated strong linear relationships between the reflectance indices and chlorophyll content measured in individual S. superba leaves.
Ratios
DISCUSSION
The chlorophyll content has the seasonal variation in the plant growth cycle in the subtropical region. In the early growth period the chlorophyll content is lower in leaves because of lower temperatures and less precipitation in spring. Chlorophyll content reaches the maximum value at in the vigorous growth stage with temperature and precipitation suitable for S. superba plants growth in summer. Leaf senescence and growth slows in autumn, with the chlorophyll content decreasing to a lower value because of lower temperature and less precipitation. In general, the chlorophyll content of evergreen leaves in seasonal order of magnitude as the summer > autumn > spring. However, in this study, the two-year observed impact of enhanced N supply was a delay in leaf senescence during the autumn stages. So the chlorophyll content of S. superba plants had showed the seasonal order of magnitude as the autumn > summer > spring. The chlorophyll content as an indicator of plant stress could reflect the nutritional status of plants because of the relationship between the chlorophyll concentration and the nitrogen content in foliage (Richardson et al. 2002; Song et al. 2008) . Spaner et al. (2005) also reported that the SPAD measurement readings were indeed influenced by plant nitrogen status at a critical stage. This was correlated with protein content and yield in crop plants (Spaner et al. 2005) . Our results also indicated that the long-term observed impact of additional MN enhanced the chlorophyll content in S. superba seedlings during the two year experimental stages, while the short-term impact of additional HN promoted the chlorophyll content during the early stages but was limited during the later stages. Hansen and Schjoerring (2003) indicated that nitrogen supply caused an average lower reflectance in the visible spectral range (438 -690 nm), while the reflectance was higher in the near infrared spectral range (750 -883 nm). This characteristic was also found in the early stages of our experiment as lower reflectance in the visible wavelengths appeared in the HN plots in the spring of 2009, while the reflectance was higher in the near infrared region. The same characteristics were shown in the LN plots in the summer of 2009 and autumn of 2010. This characteristic disappeared at the other stages of the experiment. With the study of field corn, Strachan et al. (2002) indicated that the growth of crops is a function of the availability of N and environmental stresses and there can be a complex interaction among these stresses. Our result also could be interpreted by the different controlled experimental conditions. The experiment of simulated N addition treatment in S. superba was conducted in a natural environment and was affected by other environmental stresses such as water availability and radiation stress. Coupled with the seasonal factor, there could be a complex interaction between N stress and other environmental stresses (Strachan et al. 2002) .
Several researches have shown that the peak revealed by red edge reflectance derivative analysis is actually composed of two or more features (Horler et al. 1983; Lamb et al. 2002) . There are two peaks in the derivative spectra; the first at around 700 (690 -710) nm attributed to the chlorophyll content in the plant leaves and the second at around 725 (720 -730) nm attributed to cellular scattering in the leaf (Horler et al. 1983) . They found that the shorter wavelength feature indicates environmental stress for plants whereas the longer wavelength feature indicates better environment for plants (Smith et al. 2004) . The peak at around 705 nm is dominant if the leaves have low chlorophyll content while the peak at around 725 nm is dominant if the leaves have higher chlorophyll levels (Lamb et al. 2002) . In our study this characteristic was first seen in the autumn of 2009 for the MN treatment and then appeared in the summer and autumn of 2010 for all treatments.
The chlorophyll content and four hyperspectral indices (RE, R 700 /R 720 , R 695 /R 420 , and R 695 /R 760 ) showed a positive response to the lower rates of N addition with the most positive response seen at the MN rate but responded negatively to the higher N addition rate (HN). The positive response mentioned above suggests that N is likely a limiting factor for S. superba seedling growth in the Yangtze River Delta soil and is similar to the results found in the seedlings experiment at the DHSBR, which lies in the middle region of Guangdong province in southern China (Mo et al. 2008) . Our findings are consistent with the results found for the biomass production and net photosynthetic rate of S. superba, in which they increased with increasing N addition rate from the control to N10 (10 g N m -2 year -1 ) and then decreased with increasing N addition rate from N15 (15 g N m -2 year -1 ) to N30 (30 g N m -2 year -1 ) (Mo et al. 2008) . Similar results were also reported for a temperate tree species (C. japonica) measured for biomass production and net photosynthetic rate for seedlings by Nakaji et al. (2001 Nakaji et al. ( , 2002 . Thus, the N deposition effect on S. superba seedling growth could be detected using vegetation growth parameters, photosynthesis and chlorophyll concentration.
There may be a growth threshold in the N deposition effect on S. superba seedlings according to our study. The N deposition threshold effect was also observed in a study on subtropical tree species S. superba and C. concinna under N addition (Mo et al. 2008) . They found that the highest seedling growth parameter values were observed in N10 (10 g N m -2 year -1 ) plots for S. superba. In our study, the highest increase in chlorophyll content and positive response reflected by hyperspectral indices were also observed in MN (10 g N m -2 year -1 ) plot for S. superba. This is very consistent with the research of Mo et al. 2008 .
The main reason the threshold occurred may be the soil N availability. It has been reported that when the amount of available N in forest soil does not exceed the requirement for seedling growth, an increase in the atmospheric N input usually stimulates tree growth. However, when the N input to forests is in excess of plant requirements it is harmful to tree growth because of nutrient leaching and soil acidification (Mo et al. 2008) . They also suggested that S. superb demands less N for seedling growth. In our study the seedling growth of S. superb was less sensitive to lower N deposition rate (LN) and more pronounced to the higher N addition rate (MN and HN) in these experiments.
Our study indicated that the N deposition effect for S. superba seedlings was detected rapidly and easily using nondestructive leaf spectral reflectance measurements at narrow wavebands. However, further investigations need to be carried out to determine if hyperspectral ratios could be used on airborne platforms with moderate spectral resolution for monitoring the N deposition effects for the natural S. superba plant. On the other hand, there is also a fundamental implication for forest dynamics and forest management in the Yangtze River Delta region. S. superba grows in relatively nutrient-poor soils and is a dominant tree species in both pine-broadleaf mixed and mature forests. With the increasing N deposition to forests in this region the population of S. superba may be threatened along with the accumulation of N in the soil.
CONCLUSIONS
We used plant growth parameters and indices derived from ground based hyperspectral reflectance data to demonstrate the temporal patterns in S. superba growth when exposed to nitrogen (different application rates). In the absence of other limiting factors, growth is a function of the availability of N. Our results indicated that High-N deposition may not enhance plant growth, net photosynthetic rate and chlorophyll concentration in S. superba, while LN and MN treatments could enhance plant growth in a given experimental period.
In remote sensing this complex dynamic, several hyperspectral reflectance signatures and indices were required to assess the evolution of S. superba seedling ecophysiology. Accurate identification of the relationship between chlorophyll concentration and hyperspectral indices was obtained using simple correlation analysis and linear regression in the seasons. This technique offers a means for estimating the chlorophyll concentration using the reflectance signatures information provided by hyperspectral data sets. When taken at an appropriate scale and timing, hyperspectral reflectance can provide valuable information to identify plant nitrogen nutrition stressed regions in order to implement forest management.
